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In membrane fragments of Heliobacterium chlorum we have observed by EPR spectroscopy the light-in- 
duced reduction of a ferredoxin type electron acceptor with g, = 1.937 and gz = 1.879 at a midpoint po- 
tential E, > -420 mV. A low-potential (E,,, < -620 mV) electron acceptor at g = 2.0038 having a 15 G 
wide EPR line at 9.2 GHz and 18 G at 35 GHz could also be reduced by photoaccumulation; it is either 
located in the electron transport chain or on a side path. The linewidth of the primary donor P-798 shows 
an anomalous temperature dependence, possibly caused by a change in dimeric structure induced by 
cooling. A scheme for the proposed electron transport chain is presented. 
Iron-sulfur cluster Ferredoxin EPR (H. chlorum) 
1. INTRODUCTION 2. MATERIALS AND METHODS 
Heliobacterium chlorum is a recently discovered 
new type of photosynthetic bacterium [ 11. Its reac- 
tion center comprises BChl g as primary donor 
(P-798) [2-61, possibly in a dimeric form [3], and 
a BChl c-type intermediate acceptor [5]. The 
presence of an iron-sulfur cluster in the electron 
transport chain has been suggested by the ex- 
periments of Prince et al. [3]. Nuijs et al. [5] 
studied the kinetics of the absorbance changes due 
to photooxidation and photoreduction of the 
primary donor P-798 and acceptor, respectively, 
on a picosecond time scale. They found that the 
forward reaction rate from the reduced primary 
acceptor changed at a redox potential lower than 
- 500 mV and ascribed this to the reduction of an 
iron-sulfur cluster. 
We have now carried out an investigation of the 
acceptor side of the photosystem of H. chlorum 
using X-band (9.2 GHz) and Q-band (35 GHz) 
EPR spectroscopy. We show that at low redox 
potential (& < - 420 mV) an acceptor can be 
nhotoreduced which has some EPR characteristics 
of a quinone, whereas an iron-sulfur cluster is in- 
volved at a redox potential higher than - 420 mV. 
Membrane fragments of H. chlorum were 
prepared as described in [4]. After centrifugation, 
the membranes were resuspended to an absorbance 
of 53 cm-’ at 790 nm in a buffer of pH 7.7 con- 
taining 50 mM glycine, 5 mM phosphate, 5 mM 
ascorbate, 20% sucrose and 50% glycerol. The 
redox potential of this suspension was 100 mV. 
The redox titration of P-798 was carried out in an 
anaerobic cell using small amounts of ferricyanide 
and sodium dithionite to oxidize or reduce P-798. 
The redox potential was measured with a Schott 
Pt 61 electrode. Experiments at lower redox poten- 
tials were done in the presence of 10 mM 
dithionite. 100 ,uM N-methylphenazonium metho- 
sulfate (PMS) was added as an effective electron 
donor to P-798+ and the desired redox potential 
was achieved by adjusting the pH as in [7,8]. To 
keep the samples anaerobic all manipulations were 
carried out under argon gas in the presence of 
small amounts of catalase, glucose and glucose ox- 
idase [7]. 
X-band EPR measurements were performed 
with a Varian E9 spectrometer with a 100 kHz 
field modulation unit and equipped with an Ox- 
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ford Instruments He flow cryostat. The Q-band 
superheterodyne spectrometer was home-built and 
equipped with a liquid He immersion cryostat. 
The Q-band measurements were carried out in 
superfluid He (T < 2.2 K). g values were measured 
using a P-doped Si marker; microwave frequencies 
were measured using an HP5342A counter for X- 
band and an Alpha Industries 992AX02HN har- 
monic mixer plus the HP counter for Q-band. 
Samples to which dithionite was added were 
quickly frozen in the dark by immersing the quartz 
EPR tube (4 mm outer diameter for X-band and 
3 mm outer diameter for Q-band) in liquid Nz, or 
illuminated with a 500 W projection lamp while 
freezing in an NZ flow cryostat. Measurements at 
X-band between room temperature and 77 K were 
done in a flat EPR cell. For lower temperatures 
and at Q-band, 4 and 3 mm EPR tubes were used, 
respectively. 
3. RESULTS 
Upon illumination of membrane fragments of 
H. chlorum at a redox potential of 100 mV a Gaus- 
sian X-band EPR signal was observed at room 
temperature with a linewidth of 9.5 + 0.2 G and a 
g value of 2.0025 f 0.0002 (fig.lA). The signal was 
completely reversible when the light was turned 
off. The redox midpoint potential (Em) of the com- 
ponent responsible for this signal was found by 
titration to be 250 f 20 mV which is close to the 
midpoint potential of 225 mV of P-798 as found 
by Prince et al. [3]. In the temperature range - 30 
to - 40°C reversibility was partly lost, the remain- 
ing reversibility (about 50%) being constant to a 
temperature of 4.2 K (fig.lB). 
Lowering the redox potential to - 620 mV and 
freezing in the dark had no effect on photooxida- 
tion of the primary donor P-798, the EPR signal 
remaining 50% reversible at low temperature in- 
dependent of the redox potential. This is in con- 
trast to similar experiments with membranes of 
Prosthecochloris aestuarii poised at a redox poten- 
tial below -420 mV [9], which show a completely 
reversible P-840+ EPR signal at 5 K. Upon lower- 
ing the temperature the X-band linewidth of 
P-798+ changed from 9.5 + 0.2 G at room 
temperature to 12.0 -+ 0.2 G at 4.2 K (fig.%A, in- 
set). The Q-band linewidth at 1.8 K was also 
12.0 G. Illuminating the sample at 100 mV while 
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Fig. I. (A) Room-temperature X-band EPR spectrum in 
the dark (before and after light) (1) and in the light (2) 
of membrane fragments of H. chlorum at & = 100 mv. 
Microwave power, 5 mW; modulation amplitude, 2 G; 
time constant, 3.0 s. Inset: temperature dependence of 
the linewidth of spectrum (1). (B) Same sample as in A 
at a temperature of 150 K in the dark (l), in the light (2) 
and again in the dark (3). Microwave power, 2OpW; 
modulation amplitude, 3.2 G; time constant, 3.0 s. 
freezing resulted in a completely irreversible EPR 
signal when measured at cryogenic temperatures. 
Subsequent illumination did not change the signal 
intensity. 
At a redox potential of -420 mV a broad X- 
band EPR signal was detected in the dark at 10 K 
(fig.2A) with g, = 1.937 and g, = 1.879, which is 
very similar to the EPR signal of the iron-sulfur ac- 
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Fig.2. X-band EPR spectra of the iron-sutfur cluster in 
H. &urum at 20 K. (A) Chemically reduced at Ei, = 
-420 mV. (B) Light-induced; average of 4 scans. 
Microwave power, 10 mW; modulation amplitude, 
20 G; time constant, 3.0 s, Difference spectrum of 
samples frozen in the light minus samples frozen in the 
dark at ~5% = fOO mV. 
ceptor of P. aestuarii [8] with gY = 1.94 and g, = 
1.85. The low-field peak corresponding to g, is not 
resolved, due to Iarge background signals of the 
membranes. Lowering the redox potential to 
- 620 mV did not increase the signal intensity and 
no other iron-sulfur type EPR signal appeared in 
the spectrum, 
Fig.2B shows the difference between the EPR 
spectrum of a sample that was frozen in the light 
at a redox potential of 100 mV, and its dark EPR 
spectrum. In addition to P-798*, a broad EPR 
spectrum is light-induced, the. shape of which ap- 
pears to be identical to the iron-sulfur type signal 
of fig.2A. Its intensity is about one-half that of the 
latter signal, presumably because not all iron- 
sulfur centers could be photoreduced due to the 
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high absorbance of the sample. No other iron- 
sulfur centers were observed in the light-induced 
spectrum. 
Freezing the membrane fragments poised at low 
redox potentials ( - 420 to - 620 mV) in the light 
resulted in the appearance of an X-band EPR line 
at g = 2.0038 with a linewidth of 15.0 f 0.2 G 
(fig.3A). This signal was irreversible. The Q-band 
spectrum of this species hows a 18.0 + OS G wide 
signal (fig.3B). 
In fig.4 the microwave power saturation curve 
of the g = 2.0038 signal is plotted according to the 
expression of Rupp et al. [lo] 
1(P) = Mqt + P/P,]-0.5* 
where 1(P) is the intensity of the EPR signal as a 
function of the microwave power P, PI/, the 
microwave power at half saturation and k and b 
are constants. Plotting log(l/&) vs log P results in 
2 straight Iines with an intersection point at P = 
Pth, The PJrs obtained from fig.4 is 5OpW. 
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Fig.% EPR spectrum of a light-induced low redox 
potential acceptor (Em < - 620 mV) in II, ~~~o~~. (A) 
X-band, temperature, 7 K; microwave power, 2OcW; 
modulation amplitude, 5 G; time constant, 3.0 s. (B) Q- 
band, temperature, I,8 K; microwave power, 10 nW; 
modulation amplitude, 5 G; modulation frequency, 
73 Hz; time constant, 3.0 s. 
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Fig.4. Power saturation plot of the light-induced signal 
at g = 2.0038 at X-baud. Temperature, 7 K (see text for 
details). 
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The g value of 2.0038 at 9.2 GHz, and the line 
broadening at 35 GHz are consistent with the 
photoaccumulated EPR signal being due to a 
quinone-type acceptor. This acceptor must have a 
very low redox potential since we could not 
observe its signal in chemically reduced samples at 
- 620 mV. 
4. DISCUSSION AND CONCLUSION 
4.1. The primary donor 
The X-band EPR signal of the oxidized primary 
donor obtained at room temperature, with g = 
2.0025 (f 0.0002) and linewidth 9.5 G, suggests in 
agreement with the data of [3] that the primary 
donor of H. chforum is a BChl g dimer. The 
broadening to 12 G that occurs at lower 
temperatures suggests a structural change that 
either inhibits delocalization of the unpaired elec- 
tron over the 2 BChl g molecules or causes a slight 
change in the structure of the monomers such that 
the hyperfine interactions are altered, similar to 
what has been suggested for the anomalously 
broad line of P-960+ in Rhodopseudomonas viridis 
[ 111. Our observation of line broadening of P-798+ 
while lowering the temperature contrasts with the 
data of Prince et al. [3] who observed a 9.5 G 
broad line at 11 K. The reason for this discrepancy 
is presently unknown. 
4.2. The acceptor chain 
The involvement of a semiquinone and an iron- 
sulfur center as electron acceptors is likely on the 
basis of the following arguments. At Eh = 
-420 mV we observed a dark signal having the 
characteristics of a reduced iron-sulfur cluster with 
g values of g, = 1.937 and g, = 1.879. The same 
signal is observed at 20 K when samples poised at 
Eh = 100 mV were illuminated while cooling. This 
indicates that the iron-sulfur cluster forms a part 
of the electron transport chain. We have observed 
only one such iron-sulfur type signal, in contrast to 
Prince et al. [3], who observed in the dark 2 
ferrodoxin-type signals, one in a sample poised at 
Et, = - 556 mV with g, = 1.933 and g, = 1.896, 
and one observed in a sample poised at - 300 mV 
with g, = 1.940, g, = 1.882 (the principal g values 
were estimated from fig.5 of [3]). The reason for 
this discrepancy is not clear. Presumably, in their 
membrane preparation an additional ferredoxin 
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Fig.5. Proposed scheme for the acceptor side of the 
electron transport chain of H. chlorum. 
can be chemically reduced. However, our results 
suggest that the ferredoxin observed at Eh = 
- 556 mV is not directly connected to the electron 
transport chain. 
The observed partial reversibility for photoox- 
idation of P-798 at low temperatures at redox 
potentials below - 420 mV indicates that between 
the iron-sulfur acceptor and P-798 at least one 
other acceptor must be located. This is cor- 
roborated by our experiments with samples that 
were illuminated while cooling at a redox potential 
below - 420 mV. The resulting photo-accu- 
mulated signal has a g value of 2.0038 and a 
linewidth of 15.0 + 0.5 G at X-band and 18.0 + 
0.5 G at Q-band frequencies. Together with the 
power saturation characteristics (fig.4), the EPR 
parameters how that the signal is due to a single 
species with g anisotropy and no resolved hyper- 
fine structure. The EPR data suggest hat this ac- 
ceptor is a quinone, labeled Q, albeit that the redox 
midpoint potential of Q, < - 620 mV, is rather low 
for a quinone. We note, however, that recently 
quinone derivatives have been described with in 
vitro redox potentials as low as - 750 mV [ 121. 
There are 2 possible locations for Q on the ac- 
ceptor side. Firstly, it may be located directly in the 
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electron transport chain between the primary ac- 
ceptor and the iron-sulfur cluster. Secondly, it may 
be on a side path. In the latter case the probability 
of reducing Q could normally be low and only 
become competitive with normal electron 
transport at low temperature when the iron-sulfur 
center is reduced. We hope that fast optical spec- 
troscopy at low redox potentials and temperature 
can discriminate between these 2 possibilities. 
Nuijs et al. [5] reported a change in the decay 
rate of the reduced primary acceptor I (possibly a 
BChl c molecule) at redox potentials between 
-450 and - 560 mV and they attributed this 
change to the reduction of a ferredoxin-type accep- 
tor. With the redox potentials estimated in [5], this 
acceptor cannot be our ferredoxin acceptor since 
that has an appreciably higher midpoint potential, 
i.e. more positive than -420 mV. This would in- 
dicate that at & = - 550 mV yet another acceptor 
is reduced which is located between the acceptor Q 
and the ferredoxin at E,,, > -420 mV. 
In fig.5 a scheme of the acceptor side of H. 
chlorum summarizes our present results. 
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